Rationale Preclinical studies consistently report that aerobic exercise decreases drug self-administration and other forms of drugseeking behavior; however, relatively few studies have examined other types of physical activity. Objectives The purpose of the present study was to examine the effects of resistance exercise (i.e., strength training) on heroin self-administration and mRNA expression of genes known to mediate opioid reinforcement and addictive behavior in the nucleus accumbens (NAc) of heroin-exposed rats. Methods Female rats were obtained during late adolescence and divided into two groups. Resistance exercise rats were trained to climb a vertical ladder wearing a weighted vest; sedentary control rats were placed repeatedly on the ladder oriented horizontally on its side. All rats were implanted with intravenous catheters and trained to self-administer heroin on a fixed ratio (FR1) schedule of reinforcement. mRNA expression in the NAc core and shell was examined following behavioral testing. Results Resistance exercise significantly decreased heroin self-administration, resulting in a downward shift in the dose-effect curve. Resistance exercise also reduced mRNA expression for mu opioid receptors and dopamine D1, D2, and D3 receptors in the NAc core. Resistance exercise increased mRNA expression of dopamine D5 receptors in the NAc shell and increased mRNA expression of brain-derived neurotrophic factor (exons I, IIB, IIC, IV, VI, IX) in the NAc core. Conclusions These data indicate that resistance exercise decreases the positive reinforcing effects of heroin and produces changes in opioid and dopamine systems in the NAc of heroin-exposed rats.
Introduction
Preclinical studies report that physical activity in the form of aerobic exercise decreases drug self-administration and other measures of drug-seeking behavior. For instance, running in an activity wheel or on a treadmill reliably decreases the selfadministration of nicotine, cocaine, methamphetamine, morphine, and heroin (Hosseini et al. 2009; Lacy et al. 2014; Miller et al. 2012; Sanchez et al. 2015; Smith and Pitts 2012; Smith and Witte 2012) and reliably decreases the resumption of drug seeking after a period of abstinence (Lynch et al. 2010; Ogbonmwan et al. 2015; Sanchez et al. 2013; Sobieraj et al. 2016; Zlebnik et al. 2010) . Moreover, aerobic exercise produces changes in central dopamine and opioid systems, which may explain these runninginduced reductions in drug seeking and drug intake (de Oliveira et al. 2010; Droste et al. 2006; Greenwood et al. 2011; Houghten et al. 1986; Lynch et al. 2013; Sobieraj et al. 2016) .
Relatively few studies have examined the effects of nonaerobic forms of physical activity on measures relevant to drug intake. We recently developed a model of resistance exercise (i.e., strength training) in which rats repeatedly climb a vertical ladder wearing a weighted vest. Using this model, we reported that resistance exercise decreases cocaine selfadministration and reduces Bdnf mRNA expression in the nucleus accumbens (NAc), suggesting that strength training may serve as an alternative to aerobic exercise in activitybased interventions targeting substance abuse .
The purpose of the present study was to examine the effects of resistance exercise on heroin self-administration and to examine associated changes in mRNA expression in the NAc of heroin-exposed rats. To this end, rats were trained to climb a vertical ladder wearing a weighted vest according to a threeset pyramid regimen: eight climbs carrying 70% of their body weight (BW), six climbs carrying 85% of their BW, and four climbs carrying 100% of their BW. Control rats were repeatedly placed on the ladder oriented horizontally on its side to control for handling and exposure to the apparatus. Rats in both groups were implanted with intravenous catheters and trained to self-administer heroin on a fixed ratio (FR1) schedule of reinforcement. Following determination of the heroin dose-effect curve, rats were sacrificed and mRNA expression was measured in the NAc via quantitative real-time polymerase chain reaction (qRT-PCR). Genes coding for opioid receptors (mu, kappa, delta), dopamine receptors (D1, D2, D3, D4, D5), BDNF (exons I, IIA, IIB, IIC, IV, VI, IX), and the tyrosine receptor kinase B receptor were targeted for analysis due to their role in drug reinforcement and addiction (Collo et al. 2014; Contet et al. 2004; Ghitza et al. 2010; Li and Wolf 2015; Self 2004; Shippenberg et al. 2008) . mRNA expression was examined in both the core and shell of the NAc because of the functional and anatomical differences between the two regions, particularly as they relate to behavior and addiction (Di Chiara 2002; Jacobs et al. 2005; Zahm 1999 ).
Materials and methods

Animals
Female, Long-Evans rats were obtained from Charles River Laboratories (Raleigh, NC, USA) at 42 days of age and housed individually in a colony room on a 12-h light/dark cycle (lights on: 05:00). Females were selected because their slow growth rate limited the range and variability of the resistance loads needed for the multi-week study (determined as a percentage of body weight) and because of their underrepresentation in preclinical research (Clayton and Collins 2014; Klein et al. 2015) . Food and drinking water were freely available in the home cage, except during a brief period of lever-press training (see below). All rats were maintained in accordance with the guidelines of the Animal Care and Use Committee of Davidson College.
Apparatus
Rats were trained to climb a vertical ladder, 60 cm tall with rungs spaced 2 cm apart. The apparatus was placed on a countertop approximately 80 cm above the floor. A three-sided enclosure (21 cm × 29 cm × 26 cm) painted black was located at the top of the apparatus. Climbing was encouraged by placing a 60-W desk lamp below the apparatus and projecting it onto the ladder. Rats could escape the light by entering the enclosure at the top of the apparatus. Towels were placed on the floor beneath the apparatus to cushion the impact of falls, which occurred on less than 2% of climbs. The length of the ladder was such that six to eight dynamic movements of the hindlimbs were required to reach the top (see for further description and photographs).
Heroin self-administration training and testing took place in operant conditioning chambers from Med Associates, Inc. (St. Albans, VT, USA). Each chamber contained a houselight, two response levers, two white stimulus lights located above the two levers, a food receptacle located between the two levers, a pellet dispenser located behind the forward wall, and an infusion pump located outside the chamber.
Resistance exercise training
A timeline of all experimental events is shown in Fig. 1 . One week after arrival, rats were randomly assigned to either the resistance exercise group (n = 16) or the sedentary control group (n = 16). Exercising rats were trained daily to climb the ladder while wearing weighted vests according to a three-set pyramid regimen: eight climbs carrying 70% of their BW, six climbs carrying 85% of their BW, and four climbs carrying 100% of their BW. Rats rested 120 s between sets, but there was no delay between climbs within a set. If a rat failed to climb, a 0.5-s burst of compressed air was directed toward their hindquarters. Compressed air was needed to motivate climbing in all rats during the initial training sessions but was rarely used after the initial 2-3 days of training. One rat from the resistance exercise group was removed from the Fig. 1 Timeline of experimental events. Solid black line indicates resistance training study because it failed to consistently climb; all other rats completed all climbs in every set in every session throughout the study. Resistance training occurred each evening (17:00), approximately 16 h prior to self-administration testing the following morning (09:00). Sedentary rats were placed repeatedly on the ladder oriented on its side to control for enrichment-and handling-related effects. The 60-W light was projected onto the apparatus during these control trials, but sedentary rats were not required to walk across the flat surface. Sedentary rats followed the same schedule and training parameters as the exercising rats to ensure they received the same number of trials and the same cumulative duration of exposure to the apparatus/light. Training continued in this manner 6 days per week for the duration of the study.
Lever-press training
Two weeks after arrival and 1 week after the beginning of resistance exercise training, rats were restricted to~90% of their free-feeding body weight and trained to press a response lever using food reinforcement. In these sessions, each lever press was reinforced on a FR1 schedule. Sessions terminated once 40 reinforcers were delivered or 2 h elapsed, whichever occurred first. Training continued in this matter until five sessions were completed in which 40 reinforcers were obtained in each session. Rats were placed back on unrestricted feed immediately after lever-press training, such that food was continuously available in the home cages for the remainder of the study. Food consumption was not monitored.
Catheter surgery
Three weeks after arrival and 2 weeks after the beginning of resistance exercise training, rats were anesthetized with a combination of ketamine (100 mg/kg, ip) and xylazine (8.0 mg/kg, ip) and implanted with intravenous catheters as described previously (Smith et al. 2008) . Rats were given ketoprofen (3.0 mg/kg, sc) after surgery as a post-operative analgesic, and wounds were treated with a topical antibiotic for 2 days. Catheters were flushed daily with ticarcillin (20 mg/kg, iv) and heparinized saline to prevent infection and maintain patency, respectively. After 7 days, ticarcillin was discontinued and only heparinized saline was used to maintain patency. Exercise training was suspended for 3 days following surgery.
Self-administration training and testing
Three days after surgery, resistance exercise training resumed and self-administration training commenced. During training, rats were placed in operant conditioning chambers (different from those used during lever-press training with food) and trained to self-administer heroin on an FR1 schedule of reinforcement. Each session began with illumination of a houselight, illumination of the stimulus light above the active lever, and a noncontingent infusion of heroin. Each lever press produced an infusion of heroin (0.005 mg/kg/infusion) that was followed by a 20-s timeout in which the stimulus light was turned off and responding had no programmed consequences. The 20-s timeout was included to allow time for heroin distribution to brain and lessen the likelihood of unintended overdose. All sessions were 2 h in duration, and no limit was placed on the maximum number of infusions that could be obtained. Training continued in this manner for three consecutive days. Heroin self-administration testing was conducted in an identical manner, with the exception that the dose of heroin changed during each daily test session. Tests were conducted with four doses of heroin (0.001, 0.003, 0.01, and 0.03 mg/kg/infusion) and saline across five daily test sessions. Doses were tested in an irregular order with the stipulation that no more than two ascending or descending doses could be tested in a row. No decrements in climbing performance were observed during heroin self-administration (as would be evidenced by an increase in the use of compressed air to motivate climbing). Rats that lost catheter patency were removed from the study and did not contribute to the data analysis, resulting in the loss of two rats from the sedentary group. Approximately 24 h following the last self-administration session, and approximately 40 h after the last resistance session, subjects were sacrificed via rapid decapitation. Brains were removed, flash frozen in isopentane (C 5 H 12 ), and placed in a − 80°C freezer for storage.
Quantitative real-time PCR mRNA expression was measured from the NAc core and shell using qRT-PCR. Tissue was collected via gross dissection and based on boundaries defined previously (Paxinos and Watson 2013 ; see Online Resource 1). An RNeasy(R) Lipid Tissue Mini Kit (Qiagen, Valencia, CA) was used to isolate total RNA per the manufacturer's protocol. The quantity and quality of the RNA were determined using a NanoDrop™ Spectrophotometer. cDNA templates were prepared using High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems, Carlsbad, CA) according to the manufacturer's protocol. The Applied Biosystem StepOnePlus™ real-time PCR system was used to perform qRT-PCR. Either Applied Biosystems TaqMan™ Gene Expression assays or SYBR™Green-Based Detection was used to detect PCR products of interest. The following TaqMan™ Gene Expression Assays were used: brain-derived neurotrophic factor (Bdnf) I (Assay ID Rn01484924_m1); Bdnf IIA (Assay ID: Rn00560868_m1); Bdnf IIB (Assay ID: Rn01484926_m1); Bdnf IIC (Assay ID: Rn01484925_m1); dopamine receptor D2 (Drd-2) (AssayID: Rn00561126_m1); o p i o i d r e c e p t o r, d e l t a 1 ( O p r d 1 ) ( A s s a y I D : Rn00561699_m1); opioid receptor, kappa 1 (Oprk1) (Assay ID: Rn01448892_m1); and opioid receptor, mu 1 (Oprm1) (Assay ID: Rn01430371_m1). All samples were normalized to either beta-2 microglobulin (B2m) (Assay ID: Rn00560865_m1) or glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (Assay ID: Rn01775763_g1). Each specific TaqMan primer assay used only one housekeeping gene for normalization, and the same housekeeping gene was used for all samples tested across assays for a specific primer. Applied Biosystems validates and recommends a series of endogenous controls (or housekeeping genes), including B2m and Gapdh, which show constant RNA transcription level under different experimental conditions and are sufficiently abundant across different tissues and cell types. In addition, we prescreen housekeeping primers on our cDNA of interest to assure that expression levels do not vary across experimental conditions. For SYBR™ Green-Based detection, the following oligonucleotide primers were synthesized by Invitrogen (Carlsbad, CA): Bdnf exon IV, Bdnf exon VI and Gapdh (Schmidt et al. 2012) ; Bdnf exon IX (Koo et al. 2015) ; Drd-1, Drd-3, Drd-4, Drd-5 (Wingo et al. 2016 ); Trkb-1 (Li et al. 2015) ; and B2m (Walder et al. 2014) . For TaqMan and SYBR Green-based detection, target and endogenous control genes were measured in triplicate for each cDNA sample during each real-time run to avoid intersample variance. Each SYBR Green-based qRT-PCR reaction was verified for a single PCR product of expected size with the disassociation melting curve stage. All genes of interest were analyzed with StepOne™ software using the comparative cycle thresholds (CT) method.
All primers used in SYBR™Green-Based Assays were prescreened in standard curve assays, using rat brain cDNA as a template to measure the amplification efficiency of a primer in a qPCR reaction. All primers tested showed 90-100% efficiency and melt-curve analysis, performed in conjunction with the amplification protocol, showed only one product demonstrating that only specific products were amplified during the reaction. TaqMan® Gene Expression Assays are commercial primers (Applied Biosystems) designed for gene expression analysis by RT-PCR and have been extensively validated before release.
Data analysis
Heroin self-administration data were analyzed via two-way, mixed-factor ANOVA, with group (exercise vs. sedentary) serving as the between-subject factor and dose serving as the repeated measure. Area under the curve (AUC) estimates were determined from the dose-response data using the trapezoidal rule; these estimates were then compared between groups using an independent-sample t test.
Gene data were clustered by family and region and examined using independent-sample t tests. For each sample, mRNA expression was first normalized to a reference sample. The reference sample was equal to 1 and defined as the lowest value observed in each region analyzed. The remaining samples in the core and shell were calculated as mRNA expression levels scaled relative to their respective reference sample. Values greater than two standard deviations from the mean were considered outliers and removed from the analysis. No more than one outlier was ever removed from any group in any analysis. To control for type 1 error, adjusted p values were calculated within each cluster using the false discovery rate (FDR) method of correction. Low levels of mRNA expression for the delta opioid receptor (Oprd1), the dopamine D4 receptor (Drd-4), and Bdnf-IIA prevented quantitative comparisons between groups.
All statistical tests were two-tailed and the alpha level was set at 0.05. Effect sizes were calculated as partial eta-squared (η p 2 ) for the dose-response data and as Cohen's d for all other comparisons. Effect sizes were considered large if η p 2 ≥ 0.14 or d ≥ 0.8 according to standard statistical definitions (Cohen 1988) . Pearson product-moment correlations were used to correlate AUC estimates and mRNA expression in each group.
Results
Body weights were similar between groups throughout the study. Mean (SEM) body weights (g) of sedentary and exercising rats at the end of testing were 265.2 (4.5) and 262.0 (3.9), respectively; a difference that was not statistically significant (p = .587). All rats acquired the lever-press response on the first day of training using food reinforcement, and all rats received the maximum number of food pellets on all 5 days of training (data not shown). Similarly, all rats acquired heroin self-administration on the first day of heroin exposure, receiving at least 20 infusions on the first day of training. No differences were observed between the two groups over the 3 days of training (Online Resource 2). Figure 2 shows that responding maintained by heroin generally decreased as a function of dose [main effect of dose F(3,81) = 13.218, p < .001, η p 2 = 0.329]. Exercising rats selfadministered significantly less heroin than sedentary rats [main effect of group F(1,27) = 4.991, p = .034, η p 2 = 0.156], and heroin-maintained responding never significantly exceeded saline control values in exercising rats. Consistent with these findings, AUC estimates obtained from the dose-response data were lower in exercising rats than sedentary rats, and this effect was statistically significant [t(27) = 2.270; p = .031] and characterized by a large effect size (d = 0.831). Importantly, no differences were observed between the two groups in the saline substitution test or in responding on the inactive response lever (Online Resource 3). Figure 3 shows that mRNA expression for the mu opioid receptor (Oprm1) was significantly lower in the NAc core in exercising rats than sedentary rats [t(27) = 2.659; p = .026], and this effect was characterized by a large effect size (d = 0.985). Similar but nonsignificant effects were observed for No significant correlations were observed between AUC values and mRNA expression for any gene in either group.
Discussion
The purpose of this study was to examine the effects of resistance exercise on heroin self-administration and mRNA expression of several molecular targets known to mediate opioid reinforcement and addictive behavior. The primary finding of this study is that resistance exercise produced large and significant decreases in heroin self-administration and concomitant changes in mRNA expression for genes encoding mu opioid receptors, dopamine receptors, and BDNF in the NAc of heroin-exposed rats. To our knowledge, these are the first data demonstrating that resistance exercise reduces the positive reinforcing effects of heroin and identifies candidate genes that may mediate these effects. In our model, rats repeatedly climb a vertical ladder wearing a weighted vest. To control for enrichment-related effects due to handling and novelty, sedentary control rats are placed repeatedly on the ladder oriented horizontally on its side according to the same schedule as exercising rats. We previously validated this procedure as a model of resistance exercise by showing that exercising rats exhibit greater gastrocnemius mass (the large muscle of the calf) and greater hindlimb grip strength relative to sedentary rats . The primary advantages of this model over other models of resistance exercise are that it avoids the use of potentially painful and stressful stimuli to motivate climbing (e.g., electric shock, water submersion) and minimizes the influence of aerobic factors that could otherwise influence measures of drugseeking behavior (for review, see . One limitation of our model is that our sedentary control group is not exposed to potentially relevant features of the exercise manipulation, such as wearing the weighted vest, navigating the ladder, and avoiding the light. Consequently, additional elements of stress may have been present in the exercising group that are not present in the control group. Although we cannot rule out this possibility, we note that stress-inducing events in the exercising group would be expected to increase (not decrease) drug intake (see Piazza and Le Moal 1998; Logrip et al. 2012) .
Resistance exercise produced large decreases in heroin intake, resulting in a significant downward shift in the doseeffect curve. The downward shift in the dose-effect curve suggests that differences in heroin intake between sedentary and exercising subjects were due primarily to differences in the efficacy (rather than the potency) of heroin to serve as a reinforcer. This is pharmacologically relevant because it indicates that exercise-induced decreases in heroin intake are not simply due to changes in the functional dose of heroin, and it suggests that resistance exercise can reduce heroin intake under conditions in which dose is free to vary, as is the case in naturalistic settings. It is also notable that resistance exercise reduced responding to saline control values across all doses examined, suggesting that heroin failed to function as a positive reinforcer in this group. Finally, we note that simple FR schedules are limited in their ability to measure motivational aspects of drug consumption, so future studies should expand this research to incorporate other schedules of reinforcement (e.g., progressive ratio).
We do not know whether resistance exercise would decrease responding maintained by other (i.e., nondrug) stimuli. Unlike aerobic exercise, which generally increases food intake to compensate for increased caloric expenditure (Novak et al. 2012) , resistance exercise typically decreases (Aguiar et al. 2010; Aparicio et al. 2011) or does not alter (Duarte et al. 2017; Ebal et al. 2007; Haraguchi et al. 2014 ) food intake. Resistance exercise did not decrease responding maintained by food during lever-press training, but all subjects were food restricted during this time and the maximal number of food reinforcers was limited to 40. Importantly, no differences in responding were observed between exercising and sedentary rats in a saline substitution test, and no differences were observed in responding on an inactive lever under any dose condition. These findings indicate that the effects of resistance exercise are not due to nonspecific effects on motor performance (e.g., muscle fatigue) but rather are specific to the heroin stimulus.
Heroin produces its positive reinforcing effects through its deacetylation to morphine and subsequent activation of mu opioid receptors. Acute bouts of aerobic exercise increase central concentrations of endogenous opioid peptides, including the mu-and delta-receptor ligands, beta-endorphin, leuenkephalin, and met-enkephalin (Art et al. 1994; Debruille et al. 1999; Chen et al. 2007) , as well as the kappa-receptor ligand, dynorphin (Aravich et al. 1993; Fontana et al. 1994) . Chronic aerobic exercise reduces opioid receptor availability (Houghten et al. 1986; de Oliveira et al. 2010 ) and decreases sensitivity to exogenous opioid agonists (Mathes and Kanarek 2001; Smith and Lyle 2006) . These effects are similar to those observed after chronic opioid administration (Bernstein and Welch 1998; Tao et al. 1998) , suggesting that physical activity may downregulate the number of opioid receptors, thereby producing Btolerance^to the effects of opioids with extended training. Consistent with this possibility, resistance exercise reduced the expression of mRNA encoding mu opioid receptors in heroin-exposed rats in the present study, which may explain its ability to selectively reduce the positive reinforcing effects of heroin without altering nonspecific measures of responding. Both exercise and heroin increase dopamine in the NAc (Wilson and Marsden 1995; Wise et al. 1995) , raising the possibility that exercise can serve as a substitute for heroin use via activation of the dopamine reward system. Consistent with this idea, we found that exercising rats selfadministered less heroin and showed significant reductions in D1, D2, and D3 mRNA expressions in the NAc core compared to sedentary rats. Interestingly, we observed downregulation of the D1 receptor subtype, as well as two D2-like receptor subtypes, and these changes would be expected to produce opposing neural adaptations. The D1 receptor subtype is a member of the D 1 -like family of receptors that couple to the G s α protein and increases cyclic adenosine monophosphate (cAMP) through activation of adenylyl cyclase, whereas the D2 and D3 receptor subtypes are members of the D 2 -like family of receptors that couple to the G iα protein and suppress cAMP activity through direct inhibition of adenylyl cyclase (Terwilliger et al. 1991) . Although evidence suggests that a downregulation of D1 versus D2 receptors produces opposing effects on vulnerability to drug use and addiction (Lynch et al. 2007; Holroyd et al. 2015) , there is also evidence suggesting that it is the ratio of D1-D2 activity that is critical (Self 2010) . Taken collectively, these findings suggest that resistance exercise may reduce the positive reinforcing effects of heroin by decreasing dopamine receptor gene expression in heroin-exposed rats, which in turn balances adenylyl cyclase and cAMP-dependent protein kinase activity in the NAc.
In contrast to the findings in the NAc core, no significant differences in dopamine receptor mRNA expression were observed between exercising and sedentary heroin-exposed rats in the NAc shell. We did, however, find a significant upregulation of D5 gene expression in the shell. The D5 receptor subtype is a member of the D1 family of receptors, and thus, the ability of exercise to decrease heroin selfadministration may occur via enhanced cAMP production. This seems unlikely given that enhanced D1 signaling is typically predictive of an enhanced, rather than reduced, vulnerability to drug use and addiction. A more likely mechanism is through a D5-BDNF interaction. D5 activation is known to enhance BDNF signaling in the reward pathway (e.g., PFC; Perreault et al. 2013) . Thus, the upregulation that we see in the NAc shell may be a compensatory mechanism to normalize Bdnf levels in the NAc of sedentary rats exposed to heroin. Although speculative, this interpretation is also consistent with the robust changes that we observed in Bdnf expression (see below). Opioid administration alters BDNF signaling, and chronic opioid use suppresses BDNF-Trkb signaling in the ventral tegmental area (VTA) (Koo et al. 2012 (Koo et al. , 2015 . Less established are the effects of opioids on BDNF expression and signaling in the NAc, a major target of the VTA. Koo et al. (2012) found that BDNF infusion into the NAc or genetic deletion of TrkB from this region did not influence morphine reward following chronic morphine administration. However, a more recent study showed that knockout of TrkB from DI-type GABAergic medium spiny neurons in the NAc enhanced morphine reward (Koo et al. 2014) . In the present study, we found that heroin-exposed exercising rats showed a significant increase in levels of Bdnf exon IX mRNA in the NAc core compared to heroin-exposed sedentary rats. This mRNA isoform represents the protein-coding region of Bdnf that is common to all Bdnf transcripts. A recent study showed opioid-induced downregulation of specific Bdnf exons, including II, IV, and VI in rat VTA (Koo et al. 2015) ; consequently, we used primers targeting these exons plus Bdnf exon I to examine alternative transcripts of Bdnf in heroinexposed rats with and without resistance training. Under these conditions, we found that resistance training significantly increased the expression of Bdnf exons I, IIb, IIc, IV, and VI mRNA in the NAc core compared to heroin-exposed rats that were sedentary. Hence, the exercise-induced increases of Bdnf exon IX mRNA most likely reflect contributions of exon I, II, IV, and VI. In contrast to the core, Bdnf mRNA and associated transcripts from the NAc shell did not significantly change in response to resistance training. Cocaine exposure increases BDNF signaling in the nucleus accumbens , and both aerobic (Peterson et al. 2014 ) and resistance ) exercise decrease Bdnf gene expression in cocaine-exposed rats. In contrast, heroin exposure decreases BDNF signaling in central dopamine and opioid systems, and here we show that resistance exercise increases Bdnf gene expression in heroin-exposed rats. Thus, resistance training may also exert its effects on drug self-administration by normalizing Bdnf gene expression in drug-exposed subjects. This hypothesis could be tested by administering a TrkB receptor antagonist directly into the core of the NAc and measuring its ability to prevent/reverse the effects of resistance training on heroin self-administration.
It is notable that most of the significant differences in mRNA expression were observed in the NAc core relative to the shell. Heroin and other addictive drugs preferentially increase dopamine concentrations in the shell (Pontieri et al. 1995; Lecca et al. 2007) , and repeated stimulation of dopamine transmission in the shell preferentially strengthens stimulus-drug associations, which is believed to contribute to compulsive drug use and addiction (Di Chiara et al. 2004; Di Chiara and Bassareo 2007) . Regardless, most of the available evidence suggests that the acute reinforcing effects of heroin are mediated primarily at the level of the NAc core. For instance, excitotoxic lesions of the NAc core (but not the shell) reduce the acquisition and maintenance of heroin selfadministration on a FR1 schedule (Alderson et al. 2001 ) and impair the acquisition of heroin-maintained responding on a second-order schedule (Hutcheson et al. 2001) . Furthermore, intra-NAc core (but not shell) infusion of a dopamine D1 receptor antagonist attenuates the augmentation of heroin seeking induced by chronic food restriction (D'Cunha et al. 2016) . The relative involvement of the NAc shell in other transitional stages of heroin addiction (e.g., escalation of use following extended access) remains to be determined.
The current study was conducted to demonstrate that resistance exercise reduces heroin self-administration and produces associated changes in mRNA expression in heroinexposed rats. We note several limitations to guide future research in this area. First, the molecular data are limited to mRNA, and future studies will be necessary to determine how these changes in mRNA expression influence the expression of relevant proteins. Moreover, the molecular data are only descriptive, and mechanistic studies (via the use of sitespecific agonists/antagonists) will be needed to determine their causal role in reducing heroin intake. Importantly, we did not include drug-naïve control subjects, and we do not know how resistance exercise influences mRNA expression in the absence of heroin exposure. The use of additional control groups that include heroin-naïve subjects will be needed to advance our understanding on the neurobiology of resistance exercise in the absence of drug exposure (see . Similarly, heroin intake was not under direct experimenter control, and we do not know whether differences in mRNA expression are a cause or consequence of differences in heroin intake. Furthermore, a no-weight control group that climbed the ladder could control for nonspecific factors (e.g., entering a dark enclosure) and provide Bdoseresponse^data regarding the effects of different loads. Additional control groups that measure the frequency (e.g., acute vs. chronic) and timing (e.g., before vs. after drug exposure) of resistance exercise would provide valuable information needed for the translation of these findings to clinical trials. Finally, females were chosen for this study, in part, because of slower growth rates between PND 42 and PND 77 (i.e., females gain~100 g; males gain~200 g). Future studies should include both male and females and examine sex as a biological variable.
Finally, we note that previous studies have reported that aerobic exercise decreases the positive reinforcing effects of morphine (Hosseini et al. 2009 ) and heroin (Smith and Pitts 2012) and that resistance exercise decreases the positive reinforcing effects of cocaine . Although important methodological differences exist across these studies, these findings support a growing body of literature suggesting that exercise may reduce substance use in human populations (for reviews, see Lynch et al. 2013; Smith and Lynch 2012) .
